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Ballistic transport occurs whenever electrons propagate without collisions deflecting their 
trajectory. It is normally observed in conductors with a negligible concentration of 
impurities, at low temperature, to avoid electron-phonon scattering. Here, we use suspended 
bilayer graphene devices to reveal a new regime, in which ballistic transport is not limited 
by scattering with phonons or impurities, but by electron-hole collisions. The phenomenon 
manifests itself in a negative four-terminal resistance that becomes visible when the density 
of holes (electrons) is suppressed by gate-shifting the Fermi level in the conduction (valence) 
band, above the thermal energy. For smaller densities transport is diffusive, and the 
measured conductivity is reproduced quantitatively, with no fitting parameters, by including 
electron-hole scattering as the only process causing velocity relaxation. Experiments on a 
trilayer device show that the phenomenon is robust and that transport at charge neutrality 
is governed by the same physics. Our results provide a textbook illustration of a transport 
regime that had not been observed previously and clarify the nature of conduction through 
charge-neutral graphene under conditions in which carrier density inhomogeneity is 
immaterial. They also demonstrate that transport can be limited by a fully electronic 
mechanism, originating from the same microscopic processes that govern the physics of 
Dirac-like plasmas. 
 
Ever since Sharvin’s pioneering work1, the occurrence of ballistic transport in metallic conductors 
has been exploited to investigate the electronic properties of solids. In the quasi-classical regime, 
for instance, magnetic focusing experiments have allowed probing electron-dynamics and the 
shape of the Fermi surface in ultra-pure crystals of different metals2, in semiconducting hetero-
structures3,4, and –more recently– in graphene-based systems5,6. In the quantum regime, when the 
electron wavelength and the conductor size are comparable, ballistic motion normally leads to 
conductance quantization and allows probing transport through individual quantum channels7,8. In 
all cases, the observation of ballistic transport requires the elastic mean free path determined by 
collisions of electrons with impurities to be longer than the system size, and the rate of inelastic 
processes such as phonon scattering to be sufficiently small. Electron-electron collisions are less 
detrimental, as they only slowly de-collimate a focused beam of ballistic electrons influencing 
their trajectories gradually, with effects that usually become relevant at rather high temperature6,9.  
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Here we show that when both electrons and holes are simultaneously present the situation is 
drastically different, and that electron-hole collisions play a dominant role. Our work relies on 
multi-terminal suspended bilayer graphene device (Fig. 1a) of the highest possible quality10, with 
carrier density inhomogeneity smaller than 109 cm-2, as inferred from the gate-dependent transport 
properties (Fig. 1b, c). Earlier, we had reported that in these devices ballistic transport manifests 
itself in a negative four-terminal resistance10, but had not analyzed thoroughly the conditions for 
its occurrence. To start addressing this point, we look at the evolution of the onset of the ballistic 
regime –marked by the crossing point from positive to negative four-terminal resistance– with 
carrier density (n) and temperature (T), shown in Fig. 1d. 
  
Fig. 1e shows that the crossing point varies rapidly upon varying T, so that for larger T larger 
carrier densities are needed for electron motion to become ballistic. This trend is indicative of a 
microscopic scattering mechanism that causes the electronic mean free path to depend strongly on 
n and T.  Since in the experiments n is varied between a few 109 cm-2 and 2×1011 cm-2 –well above 
the range associated to carrier density inhomogeneity– and T between 12 and 100 K –below the 
temperature where electron-phonons scattering sets in11,12– neither density inhomogeneity nor 
phonon scattering can account for large changes in mean free path. Furthermore, because the 
density of states is constant in bilayers, a pronounced dependence of the screening length on n and 
T can also not be invoked. To gain insight, we compare the Fermi energy EF to the thermal energy 
kBT at the onset of negative multi-terminal resistance (EF is obtained from the gate-induced 
electron density, using the known effective mass13-16, m* = 0.033 m0, with m0 the free electron 
mass). The data in Fig. 1d show if n is increased further, the negative four-terminal resistance first 
increases (in modulus) and eventually saturates when EF exceeds 2-3 times kBT. This behavior is 
summarized in Fig. 1e, which shows that the multi-terminal resistance vanishes when EF is 
comparable to kBT, so that transport is diffusive if EF << kBT and becomes ballistic if EF >> kBT.  
(the precise behavior in the crossover regime is determined by the device geometry and 
dimensions, since the occurrence of ballistic transport requires the mean-free path to be longer 
than the device size).  
 
Finding that scattering is drastically suppressed if EF significantly exceeds kBT suggests that 
electron-hole collisions play a relevant role because, in a zero-gap semiconductor like bilayer 
graphene, the density of minority carriers (holes, if the Fermi energy is in the conduction bands; 
electrons, in the opposite case) is suppressed exponentially as 𝑒
−
𝐸F
𝐾B𝑇. Therefore, if collisions on 
minority carriers were the relevant scattering process, a strong n and T dependence of the mean 
free path should be expected. As it has long been known that –in contrast to electron-electron or 
hole-hole collisions– electron-hole scattering can effectively cause velocity relaxation17-21 (see Fig. 
2a-c), this hypothesis represents a realistic scenario. Indeed, it has been proposed theoretically in 
monolayer graphene that electron-hole scattering determine the transport properties near charge 
neutrality22-26 (i.e., in the region of interest here, where kBT > EF). To validate a scenario based on 
electron-hole scattering we analyze quantitatively transport in the diffusive regime at low n, to 
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check whether the density and temperature dependence of the electron-hole collision rate can 
reproduce quantitatively the experimentally measured conductivity.  
 
To analyze the data, we follow a phenomenological approach that takes into account the specific 
aspects of our system: the band structure of bilayer graphene, the inelastic scattering due to carrier-
carrier interaction at charge neutrality, as well as the fact that the experiments are carried out on a 
small size device on the verge of ballistic transport. The goal is to reproduce the behavior observed 
in the charge neutrality region (𝑘B𝑇 ≥ 𝐸F), in which electrons and holes coexist, the multi-terminal 
resistance is positive and transport is still in the diffusive regime. To this end, we need an 
expression for the experimentally measurable quantities (the conductivity σ as a function of T and 
𝑛 = 𝐶g(𝑉g − 𝑉CNP), where 𝐶g is the capacitance to the gate electrode) that can be compared to the 
data.  
 
To make the discussion concrete, we describe transport within a quasi-classical approach, which 
is possible because the characteristic wavelength of electrons and holes –the thermal wavelength 
near charge neutrality, since EF < kBT– is always sufficiently smaller than the device dimensions 
(the thermal wavelength is ~200 nm at 10 K, and shorter at larger T; as we discuss below, data and 
theory will be compared for temperatures ranging approximately between 12 and 100 K). Within 
this approach, the conductivity is given by the sum of the electron and hole contributions, 
expressed in terms of the respective density ne and nh and scattering rates τe-1 and τh-1. That is:  𝜎 =
𝑛e𝑒𝜇e + 𝑛h𝑒𝜇h  where τe and τh
 represent the scattering time responsible for relaxation of the 
velocity of charge carriers, i.e., the times that enter the expression for the electron and hole 
mobility, 𝜇e/h =
𝑒𝜏e/h
𝑚∗
. Using the known constant density of states of bilayer graphene g = 
2m*
𝜋ℏ2
, it 
is straightforward to calculate the dependence of ne and nh on T and EF (e.g., for the case in which 
EF is in the conduction band, 𝑛e = 𝑔𝐸F + 𝑔𝑘B𝑇𝑙𝑛 (1 + 𝑒
−
𝐸F
𝑘B𝑇) and 𝑛h = 𝑔𝑘B𝑇𝑙𝑛 (1 + 𝑒
−
𝐸F
𝑘B𝑇)) 
and to show that 𝐸F  =
𝜋ℏ2
2m*
𝑛  is independent of temperature. What remains to be done is to 
determine the scattering rates τe-1 and τh-1 as a function of n and T.  
 
The rate of electron scattering processes causing velocity relaxation can be written as  
1
𝜏e
=
1
𝜏
+
Γe−h, where τ
-1 is the rate for scattering on impurities and phonons, and Γe−h the rate for scattering 
of electrons on holes. Analogously, for holes we write 
1
𝜏h
=
1
𝜏
+ Γh−e. When as kBT > EF (i.e., at 
charge neutrality), the total scattering rate Γ for collisions between charge carriers (irrespective of 
whether they are electrons or holes) in monolayer graphene is given by Γ = ∁
𝑘B𝑇
ℏ
, with ∁~122-26. 
This relation is also expected to hold more generally (see for instance Ref. [27]). As such, we 
assume that it applies also to our bilayer graphene samples. Since velocity relaxation is caused by 
collisions between electrons and holes, and not by electron-electron or hole-hole scattering, the 
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scattering rates Γe−h and Γh−e are related to Γ as Γe−h = Γ
𝑛h
𝑛e+𝑛h
 and Γh−e = Γ
𝑛e
𝑛e+𝑛h
. Using these 
expressions all quantities needed to calculate 𝜎 can be expressed in terms of n and T, except for 
the scattering time τ. Having in mind that electron-hole scattering dominates we assume that the 
time τ is longer than the time taken by charge carriers to traverse the device and can be neglected 
near charge neutrality, which is also why ballistic transport can be observed in the experiments 
when the density of minority carriers is sufficiently small (i.e., we assume that momentum 
relaxation only occurs in the contacts and at the edges of the device). Under this assumption the 
expression for the conductivity reads:  
𝜎(𝑛, 𝑇) = 𝑛e𝑒𝜇e + 𝑛h𝑒𝜇h= 
1
∁
ℏ
𝑘B𝑇
𝑒2
𝑚∗
(𝑛e + 𝑛h)
𝑛e
2+𝑛h
2
𝑛e𝑛h
,    (1) 
Eq. (1) is expected to hold as long as kBT > EF since otherwise the density of minority carriers 
becomes too small to cause sizable scattering rates, motion becomes ballistic, and transport cannot 
be described in terms of conductivity (note that T should also remain sufficiently low not to have 
effects due to phonon scattering, which in bilayer graphene means 𝑇 ≤ 100 K)11,12.  
 
To compare Eq. (1) with the data, we look first at the normalized conductivity 
𝜎(𝑛,𝑇)
𝜎(0,𝑇)
=
𝜋ℏ2
8𝑘B𝑇𝑚∗ ln(2)
(𝑛e+𝑛h)(𝑛e
2+𝑛h
2)
𝑛e𝑛h
,       (2) 
which does not contain any free parameter (both the constant ∁ and the device dimensions –i.e., 
the precise values of width and length used to calculate the conductivity from the experimental 
data– cancel out when looking at 
𝜎(𝑛,𝑇)
𝜎(0,𝑇)
). The conductivity is obtained from multi-terminal 
measurements performed by sending current from contact 1 to 2 and measuring voltage between 
contact 4 and 3 (see Fig. 1a), i.e. probing transport along the “long” device direction, in which the 
effects of ballistic transport are less pronounced (raw data of resistance versus gate voltage are 
shown in the supplementary information). Fig. 2d shows that the agreement with the data is 
excellent throughout the range investigated. For the device shown here this corresponds to 12 K ≤ 
T ≤ 40 K and  109  ≤ 𝑛 ≤ 1011cm-2; in other devices shown in the supplementary information, 
measurements have been done –and found to agree with theory– up to ~ 100 K. The analysis is 
confined to T ≥ 12 K, because at lower temperature an interaction-induced broken symmetry state 
occurs in suspended bilayer graphene near charge neutrality28-30, a gap opens near charge 
neutrality, and the device become insulating (i.e., for T < 12 K transport is dominated by the 
opening of the gap and not by e-h scattering; data for T < 12 K illustrating the behavior of transport 
in the broken symmetry insulating state is included in the supplementary information). The double-
logarithmic plot of the data again indicates an impressively good agreement as n is varied over two 
orders of magnitude as shown in Fig. 2e. The only flexibility in this comparison is given by the 
precise value of the effective mass. In the literature13-16 m* is reported to range from 0.025 to 0.04 
m0, and we use the most commonly cited value m
* = 0.033 m0. Data measured on four different 
devices –two four-terminal devices and two two-terminal devices– were found to all exhibit an 
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excellent agreement, with nearly identical values of effective mass (m* = 0.031-0.034 m0, data 
from other devices are shown in the supplementary information).  
 
Interestingly, Eq. (2) indicates that 
𝜎 (𝑛,𝑇)
𝜎 (0,𝑇)
 depends on n and T only through the combination EF/kBT. 
It should then be expected that when plotting the data versus EF/kBT all curve collapse on top of 
each other irrespective of the temperature and density range in which the measurements are done, 
as long as Eq. (2) holds. Fig. 2f shows that this is indeed the case. Not only all the curves exhibit 
a very good collapse and the agreement with theory excellent, but also deviations become 
increasingly more pronounced as EF/kBT is increased, as expected. In this device, the agreement is 
satisfactory for EF/kBT approaching 1; in other devices (see for instance Fig. 3f) deviations start 
for somewhat smaller values of EF/kBT, albeit still of the order of 1. These small differences 
originate from the fact that the details of the crossover from diffusive to ballistic transport are 
device dependent, as they are sensitive –for instance– to the precise device geometry and 
dimensions. Finding such a good collapse of the measurements when the data are plotted versus 
EF/kBT provides additional evidence for the validity of Eq. (2) and, accordingly, for the dominant 
role of electron-hole scattering as the process that limits transport in the vicinity of charge 
neutrality. 
 
Graphene bilayers are ideal systems to carry out these investigations, because their relatively large 
density of states (as compared to monolayers) makes them drastically less sensitive to carrier 
density inhomogeneity. Specifically, in monolayers an inhomogeneity of ~ 109 cm-2 leads to 
fluctuations in Fermi energy in excess of 50 K, so that measurement could only be performed at 
higher temperatures. However, for T ~ 100 K phonons start also to influence transport31, making 
the temperature range available in monolayers quite narrow32. Conversely, all considerations made 
for bilayers should hold true for trilayers, whose band structure consists of a parabolic bilayer-like 
band and of a linear Dirac band (Fig. 3c)33-37. Since the density of states of the linear band is 
negligible at the energies relevant for our work (the carrier density contributed by the linear band 
is less than 1%), it is reasonable to expect that transport is dominated by the quadratic, bilayer-like 
band. If so, Eq. (1) and (2) above hold, as long as the appropriate value of effective mass is used 
that, according to theory, is √2 times larger than in bilayers37 (giving in our case m*tri = 0.047 m0). 
Fig. 3d shows the experimental data for the normalized conductivity 
𝜎(𝑛,𝑇)
𝜎(0,𝑇)
, together with the result 
of Eq. (2) using m* =0.06 m0. The agreement is once again excellent and it persists as n is varied 
over two orders of magnitude (see double-logarithmic plot in Fig. 3e). The trilayer effective mass 
extracted from the experiments is larger than that of bilayers, as anticipated by theory, and deviates 
by only 20% from the theoretical value. Just as for bilayers, also for trilayers all curves collapse 
on top of each other when plotted versus EF/kBT (Fig. 3f). Observing such a good agreement 
between data and theory in a trilayer device is particularly important, as it represents an 
independent confirmation of the validity of Eq. (2) and, accordingly, of the underlying 
phenomenological description of transport near charge neutrality (i.e., the experiments on the 
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trilayer device provide an independent confirmation of the dominant role of electron-hole 
scattering near charge neutrality).  
 
We now verify whether Eq. (1) also correctly reproduces the absolute value of the measured 
quantities –conductivity and mobility– and not only the normalized ones. In making this 
comparison, it should be borne in mind that although  ∁ ~ 1, the precise value is not exactly known 
and ∁ is expected to be weakly dependent on T and n25. Additionally, there is an uncertainty 
associated with the device geometry, due to the small dimensions that can result in a not perfectly 
uniform current density distribution. Therefore, it should be considered as satisfactory if –at a 
quantitative level– Eq. (3) agrees with the data within a factor of 2-3. We first look at the 
temperature dependence of the mobility at charge neutrality. In the past, analysis performed on 
high-quality suspended graphene devices have repeatedly assumed the mobility at charge 
neutrality to be temperature independent38,39, illustrating how the relevance of e-h scattering was 
not properly appreciated in the interpretation of earlier experiments. Indeed, our description of 
transport leading to Eq. (1) predicts the mobility at charge neutrality to be proportional to 1/T,  
𝜇(𝑛 = 0, 𝑇) =
𝜎 (𝑛=0,𝑇)
𝑒[𝑛e(𝑛=0,𝑇)+𝑛h(𝑛=0,𝑇)]
= 
2
∁
ℏ
𝑘B𝑇
𝑒
𝑚∗
 ,     (3) 
(at n = 0, electrons and holes have identical density 𝑛e = 𝑛h =
2𝑚∗
𝜋ℏ2
𝑘B𝑇𝑙𝑛(2)), which is a direct 
manifestation of the electron-hole scattering mechanism that is responsible for limiting transport 
as long as EF/kBT <<1. The comparison with experimental data is shown in Fig. 4a for bilayer 
graphene, for the entire temperature range over which each one of the four different devices studied 
have been measured. Except for one device, the predicted mobility value does indeed agree with 
the measurements within a factor of 2 or better. For the trilayer graphene device as well the 
measured absolute value of the mobility at charge neutrality agrees within better than a factor of 2 
with the theoretically expected one, throughout the entire temperature range investigated (see Fig. 
4b). 
 
As for the conductivity, a direct consequence of the dominant role of electron-hole scattering is 
that at charge neutrality: 
σ(𝑛 = 0, 𝑇) =
16𝑙𝑛(2)
𝐶
(
𝑒2
ℎ
),        (4) 
It follows that only a very weak temperature dependence of σ(𝑛 = 0, 𝑇) should be expected, 
originating from the temperature dependence of the coefficient ∁, which may include –for example 
– logarithmic corrections to the 1/T scattering rate. Fig. 4c and d indeed show that –except for the 
same bilayer device for which the mobility exhibits a larger deviation from theory– for all bilayer 
devices and for the trilayer device the conductivity at charge neutrality is very weakly dependent 
on temperature (the variations are certainly within the range that can be explained by the expected 
logarithmic corrections to the coefficient ∁) and agrees within better than a factor of 2 with the 
theoretically predicted value. Since, once again, no parameter can be varied to optimize the 
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theoretical predictions, the agreement we find between Eq. (1) and the absolute value of the 
measured carrier mobility and conductivity further strengthens our conclusions about the role of 
electron-hole scattering. 
 
We conclude that electron-hole scattering determines transport near charge neutrality in 
sufficiently clean zero-gap semiconductors, such as suspended bilayer and trilayer graphene. 
Whereas the underlying theoretical concepts are long known, the interpretation of earlier 
experimental studies addressing the role of electron-hole scattering processes have often not been 
uncontroversial20. In the suspended graphene devices discussed here the situation is different 
because all microscopic system parameters are known in great detail, transport can be gate-tuned, 
and the occurrence of ballistic transport at sufficiently high carrier density shows that electron-
hole scattering is the only process causing velocity relaxation on the length scale of our devices. 
Besides illustrating experimentally an interesting new mechanism limiting ballistic transport, these 
findings have implications for the physics of graphene. They identify the processes determining 
the intrinsic transport properties in graphene near charge neutrality in the absence of disorder, for 
which different mechanisms have been proposed theoretically13,40-44. In particular our results 
establish that, at any finite temperature, conduction is due to thermal activation from the valence 
to conduction band, which fixes the density of charge carriers, and is limited by electron-hole 
collisions, which determine the carrier mobility.  
 
Even more importantly, these results illustrate how electrical transport can be limited by an 
exclusively electronic mechanism, which is why an expression for the conductivity exhibiting 
virtually perfect quantitative agreement with the data can be derived.  Such an agreement validates 
the expression for the scattering rate between charge carriers, 𝛤 = ∁
𝑘𝐵𝑇
ℏ
, which is believed to hold 
for many metallic conductors whose behavior is not captured by the Fermi liquid paradigm, and 
that should be described in terms of quantum criticality27. This is of particular interest, because –
at charge neutrality– these same inter-particle collisions are the processes bringing Dirac-like 
plasmas into internal equilibrium, and creating the conditions needed to reach the hydrodynamic 
transport regime. So far, the hydrodynamic regime has been observed experimentally in high-
quality graphene on hBN at high carrier density, away from charge neutrality, under conditions in 
which only one type of charge carrier is present45,46, but not near charge neutrality –when charge 
inhomogeneity poses more stringent constraints. It is nevertheless in the charge neutrality region 
that a violation of the Wiedemann-Franz law32 has been reported, for which a quantum critical 
scenario based on a hydrodynamic description has been proposed44. It will likely require more 
investigations to determine whether or not quantum criticality is the correct framework to interpret 
the violation of the Wiedemann-Franz law and possibly other experiments in charge-neutral 
graphene. Nevertheless, our results do show that, in the charge neutrality region, the dynamics of 
electrons and holes is governed by an inelastic scattering rate 𝛤~
𝑘𝐵𝑇
ℏ
, which conforms to the 
expected behavior of a quantum critical system. They also show that in this regime the conditions 
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for needed for a description in hydrodynamic terms of a two-component electron-hole plasma are 
met in sufficiently clean devices.  
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Methods 
Fig. 1a and 3a show optical images of suspended graphene devices. The devices are made using 
polydimethylglutarimide (PMGI)-based lift-off resist (LOR 10A, MicroChem) as a sacrificial 
layer47. LOR resist (1 μm-thick) is spun on heavily doped Si substrate serving as a back-gate, 
covered with 285 nm-thick SiO2 and graphene flakes from natural graphite are mechanically 
exfoliated onto it. The thickness of the graphene layers is initially identified by means of the 
observed optical contrast and subsequently confirmed with transport measurement (quantum Hall 
measurements, as well as temperature and gate voltage dependent conductivity measurements; for 
the trilayer device these measurements indicate also that the stacking is of the Bernal type). 
Electrodes (10 nm Ti/ 70 nm Au) are patterned using a conventional electron-beam lithography 
followed by electron-beam metal evaporation. The shape of the suspended channel is defined by 
etching graphene (white area enclosed by dashed lines in the optical images) with an oxygen 
plasma. Finally, graphene suspension is realized by selectively removing LOR resist underneath. 
The devices have been characterized in great detail by investigating transport in the quantum Hall 
regime10,48-50, and the observed behavior conforms to the one expected and found no evidence of 
effects due to strain (which could be expected due to the force acting between the gate and the 
suspended layer).  
Before starting transport measurements, the devices are biased up to large voltage (~ 2 V) at 4 K 
in vacuum, to perform a so-called current annealing process, necessary to remove adsorbates 
adhering to graphene. Such a current annealing is performed by repeatedly sweeping the applied 
bias until when the peak at charge neutrality in the resistivity-vs-gate voltage curve becomes 
extremely narrow, corresponding to a charge inhomogeneity level of δn ∼ 109 cm−2, or smaller. 
Such a high device quality is necessary to prevent charge inhomogeneity from masking the 
transport regime dominated by electron-hole scattering. The yield of successfully current annealed 
devices of this quality is low, which makes the experiments time consuming, but it nevertheless 
allows the realization of a number of devices sufficient to check the reproducibility of the 
experimental results (a total of five different devices have been studied, exhibiting excellent 
quantitative agreement with the expression for the conductivity discussed above). 
All transport measurements are performed using a conventional low-frequency lock-in technique. 
In multi-terminal devices two types of measurement configurations are employed, with current 
and voltage probes placed either along the long-channel direction (with reference to the contact 
scheme shown in Fig. 1a, I: 1-2, V: 4-3) or along the short-channel direction (I: 1-4, V: 2-3)10. The 
latter configuration enables the observation of negative resistance demonstrating the occurrence 
of ballistic transport. In the manuscript, except the measurement showing the negative resistance 
(Fig. 1d), all measurements performed to extract the density and temperature dependent 
conductivity were carried out in the configuration probing transport along the long channel 
direction, in which the multi-terminal resistance is positive.  
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Figure 1 – Ballistic transport in multi-terminal suspended bilayer devices. a. Optical 
microscope image (top) and schematics of suspended device structure (bottom). The electrical 
contacts are labelled by the corresponding numbers. The scale bar is 1 μm. b. Gate-voltage 
dependence of the resistance measured at T = 4 K, showing a very sharp peak around charge 
neutrality. c. Double-logarithmic plot of the conductance as a function of carrier density extracted 
from b. The carrier density n is linearly proportional to the gate voltage Vg and the coefficient α = 
n/Vg ~ 5.3×10
9 cm−2/V is obtained from the analysis of quantum Hall measurements10. A very low 
charge inhomogeneity δn ∼ 1–2×109 cm−2 is estimated by looking at the crossover from a constant 
to a Vg-dependent conductance. d. Four-terminal resistance versus carrier density at various 
temperatures from 20 to 80 K with a 10 K step (current is sent from contact 1 to 4; voltage is 
measured between contacts 2 and 3). Upon increasing carrier density, the multi-terminal resistance 
becomes negative because of collimation of the carriers injected from contact 1, indicating the 
occurrence of ballistic transport. The onset of negative resistance, marked by empty circles, 
strongly depends on n and T, as summarized in panel e. The dashed line in this panel corresponds 
to EF = kBT, indicating that ballistic transport dominates when the Fermi energy is larger than the 
thermal energy (the Fermi energy is obtained by using the effective mass of bilayer graphene, m*= 
0.033 m0, to calculate the density of states –see main text). The lower inset represents schematically 
the band structure of bilayer graphene that –at charge neutrality at finite temperature– is populated 
with thermally excited electrons and holes. 
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Figure 2 – Electron-hole scattering in bilayer graphene. a-c. Schematic representation of 
electron-electron, hole-hole, and electron-hole scattering processes. As a result of momentum 
conservation, electron-electron and hole-hole collisions conserve current. That is not the case for 
electron-hole collisions, which cause current (and, therefore, velocity) relaxation and limit 
transport. d. The empty symbols represent the normalized conductivity measured by sending 
current from contact 1 to 2 and probing voltage drop between contacts 4 and 3 (see scheme in Fig. 
1a)  as a function of n at various temperatures, T = 12, 14, 16, 20, 25, 30, 35, 40 K. The continuous 
lines of the corresponding color are obtained by plotting Eq. (2) with m* = 0.033 m0. They show 
an excellent agreement with the experiments upon varying n over two orders of magnitude, as 
illustrated by the double-logarithmic plot in e. f. When plotting the normalized conductivity as a 
function of EF/kBT, all data for different temperatures collapse onto a single curve, which –as long 
as EF/kBT < 1 (yellow shaded region)– is in excellent agreement with the prediction of Eq. (2), 
represented by the red continuous curve. For EF/kBT >> 1 (light blue shaded region) deviations 
occurs because transport enters the ballistic regime (see Fig. 1d) and cannot be described in terms 
of conductivity.  
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Figure 3 – Electron-hole scattering in Bernal stacked trilayer graphene. a. Optical microscope 
image of the multi-terminal suspended trilayer device investigated here. The scale bar is 1 μm. b. 
Schematic representation of the structure of Bernal-stacked trilayer graphene and of its bands near 
charge neutrality (c). d. The empty symbols represent the normalized conductivity measured as a 
function of n, as the temperature T is varied between 30 and 100 K in 10 K steps. We look at 
measurements for T ≥ 30 K only, because for smaller temperature values electron-electron 
interactions have an important effect for Bernal-stacked trilayers (i.e., not only for ABC trilayers) 
and modify the density of states by opening a gap in the bilayer band (see e.g., Refs. [49,50]; direct 
experimental evidence will be discussed elsewhere). The continuous lines of the corresponding 
color are obtained by plotting Eq. (2) with m* = 0.06 m0, and show an excellent agreement with 
the experiments. As for bilayers, also for trilayers, the agreement is excellent as n is varied over 
two orders of magnitude, as shown by the double-logarithmic plot of the data in e. The gate 
capacitance needed to relate n and Vg (α = n/Vg ~ 5.5×109 cm−2/V) is determined from 
measurements of the quantum Hall effect, as detailed in the supplementary information. f. The 
normalized conductivity for all different temperature collapse onto a single curve when plotted as 
a function of EF/kBT, in virtually perfect agreement with Eq. (2) (red line) for EF/kBT < 0.5. 
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Figure 4 – Temperature dependence of the mobility and conductivity at charge neutrality. a, 
c. Double-logarithmic plot of mobility versus temperature (a) and linear plot of conductivity versus 
temperature (c) for four different bilayer graphene devices (device #1 and #2 are multi-terminal 
devices and device #3 and #4 are two-terminal devices). The dashed lines correspond to the 
mobility value expected from Eq. (3), with   ∁ =1 and ∁ = 0.5. The data agree quantitatively with 
the theory within a factor of 2 except for one bilayer device. This indetermination is partly due to 
the unknown precise value of  ∁ and partly to the small device geometry that causes a non-perfectly 
uniform current flow. b, d. Quantitative agreement with the same level of indetermination is 
observed for the trilayer device that we have investigated (the dashed lines correspond to Eq. (4) 
with ∁ = 1 and ∁ = 0.5, respectively). There are no adjustable parameters that can be varied to 
achieve this level of agreement.  
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